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Abstract 

In this work, Cesium iodide (Csl) thin films with different thickness were prepared by thermal evaporation technique. 
The particle size of these films were determined by using X-ray diffraction (XRD) as well as by transmission electron 
microscopy (TEM) techniques. Although these two methods provide similar particle size in the case of semitranspar- 
ent Csl films (4 nm and 20 nm) with nano scale size, there are discrepancies between the particle size in the case of 
thicker Csl films (100 nm and 500 nm). It indicates that for larger film thickness, XRD profile fails to determine the 
particle size in comparison with TEM measurement. Other physical parameters such as strain, stress and deformation 
energy density values were also estimated precisely for the prominent XRD peaks of thicker Csl films in the range 
26 = 20° - 80° by using a modified Williamson-Hall analysis assuming uniform deformation model (UDM), uniform 
deformation stress model (UDSM) and uniform deformation energy density model (UDEDM). The root mean square 
lattice strain calculated from the interplanar spacing and the strain calculated through UDM and UDSM were also 
compared. 



1. Introduction 

Alkali halide materials are of technological impor- 
tance due to their excellent electron-emitting properties 
in the ultraviolet (UV), vacuum ultraviolet (VUV), X- 
ray ultraviolet (XUV) and X-ray energy ranges. These 
materials are currently employed in vacuum and gas- 
based photon detectors LlLj2l]> detection of scintillation 
light \M, medical imaging [4], positron emission tomog- 
raphy [ 5] as well as a protective layer in visible-sensitive 
photon detectors [6]. Among alkali halide materials, 
Csl is the best choice owing to its high quantum effi- 
ciency and relatively high stability to ambient air and 
gas environment O, l8J] . Csl films are also used to en- 
hance the field emission (FE) sources which have po- 
tential applications including display devices 190, X- 
ray tubes [10], charged particle accelerators 111 111 and 
high power microwave devices 11211 . Shiftier et al 01311 
has reported a reduction in outgassing and improved 
emission uniformity after Csl coatings on carbon fibers. 
Even two orders of magnitude reduction in turn-on volt- 
age was successfully achieved by means of Csl coat- 
ing on carbon fiber-based FE devices by the same group 



11411 . Due to this importance, several evaporation tech- 
niques including thermal evaporation 1 1 5ll 1 60 . ion beam 
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scattering [17], e-gun evaporation [18], spray pyroly- 
sis |[l9ll . pulsed laser deposition techniques ll20Tl are be- 
ing used to study the various physical and chemical 
properties of Cesium iodide films. However it has been 
observed that the thermal evaporation is the best choice 
forming a stoichiometric Cs:I ratio as well as the high- 
est absolute quantum efficiency (QE) compared to other 
preparation techniques [17-20]. Even with its enormous 
applications in a variety of fields discussed above, very 
few of the earlier studies in this field deal with the struc- 
ture characterization of Csl films 112 111 . It is well known 
that X-ray diffraction (XRD) and transmission electron 
microscopy are two important techniques which may be 
used for the structure characterization. 

The present paper accounts for the surface character- 
ization of as-deposited Csl thin films of different thick- 
ness prepared by thermal evaporation technique. A 
comparative evaluation of the mean particle size of as 
deposited Csl thin films obtained from direct TEM mea- 
surement, as well as XRD measurement is reported. In 
addition, the strain associated with the as-deposited Csl 
films due to lattice deformation was estimated by a mod- 
ified form of Williamson-Hall approach B22I1 namely 



Preprint submitted to Elsevier 



November 17, 2012 



UDM. The other modified models such as UDSM and 
UDEDM provide an idea of the strain-stress as well 
as strain-energy density relation. The strain associated 
with the anisotropic nature is compared with the strain 
estimated from the interplanar spacing. 

2. Experimental Details 

The experimental setup for Csl consists of a high vac- 
uum evaporation chamber which includes an oil-free 
Pfeiffer-made pumping unit having a pumping speed of 
500 liter/second turbo-molecular pump and a diaphragm 
pump. Base pressure of this vacuum chamber is of the 
order of 3 X 10~ 7 Torr. Small pieces of Csl crystal were 
placed in a Tantalum boat inside the chamber and care- 
fully heated to allow out-gassing from the surface of the 
crystal, if any, under a shutter. After proper out-gassing 
and melting of Csl crystals, thin films of different thick- 
ness were deposited on polished Aluminum (Al) sub- 
strates and formvar coated copper grids. Before deposi- 
tion, typical composition of different residual gases in- 
cluding water vapor inside the chamber was monitored 
through a residual gas analyzer (SRS RGA 300 unit) as 
shown in Fig. 1 and it was ensured that water vapor 
is under controlled manner. During the film deposition, 
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Figure 1 : Residual gas composition inside the vacuum chamber. 



humidity on the prepared Csl samples. Immediately af- 
ter the chamber opening under constant flow of nitrogen 
(N2) gas, as-deposited Csl thin films were extracted and 
placed in a vacuum desiccator. Further, Csl films de- 
posited on formvar coated copper (Cu) grid were intro- 
duced for TEM measurement while Csl films deposited 
on Al substrate for XRD measurement. 

The structural measurements was performed by X- 
ray diffraction (XRD) measurement in the Bragg- 
Brentano parafocussing geometry on a PANalytical 
XPert PRO XRD system. The incident beam optics 
consisted of a CuK a radiation source (A = 1.5406A), 
filtered with nickel (Ni) and operated at 40 kV and 30 
mA. XRD measurements has been performed in con- 
tinuous scan mode in the range 29 = 20° - 80°. The 
diffracted beam optics consists of a 0.04 rad soller slit 
and a scintillator detector. Similarly, transmission elec- 
tron microscopy (TEM) was done by means of FEI Tec- 
nai 20G 2 operating at 200 KV voltage for the examina- 
tion of structure and particle size of Csl films. 

3. Results and discussion 

3.1. Crystallite size and strain by XRD analysis 

XRD patterns of cesium iodide thin films with dif- 
ferent thickness prepared by thermal evaporation tech- 
nique are shown in Fig. 2. No extra diffraction peaks 
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the rate of evaporation was about 1 -2 nm per second and 
the distance between the boat and substrate was kept a 
distance of about 20 cm. The thickness of the film was 
controlled by a quartz crystal thickness monitor (Sycon 
STM100). 

After the film deposition, vacuum chamber was 
purged with nitrogen gas in order to avoid the effect of 



Figure 2: X-ray diffraction pattern of Csl thin films of different thick- 
ness, deposited on aluminum substrate and of Csl crystal. 

corresponding to Cs, Cs^O, CsIO^ or other Csl phases 
are detected indicating that pure Csl is of polycrys- 
talline, stoichiometric nature. Also XRD result of raw 
Csl crystal used for thermal evaporation is shown for 
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comparison (Fig. 2). The XRD scan exhibits a num- 
ber of intense and sharp peaks which are assigned to 
the indicated Bragg reflections from Csl crystal. We 
may observe that the lattice plane corresponding to the 
preferred peaks for Csl crystal are: (1 10), (200), (211), 
(220), (310), (222) and (321). In the case of 4 nm as- 
deposited Csl thin films, we observe the peak of (110) 
lattice plane only. In the case of 20 nm as-deposited 
films, we observe the lattice plane corresponding to the 
peaks of (1 10) and (220) only. However for thicker as- 
deposited Csl films (100 nm and 500 nm), most intense 
peaks of ( 1 1 0) followed by (200), (211), (220) and (32 1 ) 
can be clearly observed. These peaks match with the 
peak positions listed for Cesium Iodide in ASTM card 
No. 06031 1 confirming the films to be that of Csl films. 
Using XRD profile shown in Fig. 2, lattice parameters 
of Csl crystal as well as Csl thin films were also calcu- 
lated. The lattice constant values for all thicknesses of 
Csl film obtained is about a = 4.666A, however lattice 
constant value for Csl crystal is about a = 4.566A. 
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Figure 3: Shifts in the (110) peaks of the X-ray diffraction pattern as 
compare to single crystal shown with sharp line. 



The average crystallite size was also calculated using 
Debye-Scherrer's equation 12311 . 



D = 



kA 



Phkl cos 9 



(1) 



Where D is the volume weighted crystallite size, 
k is the shape factor (0.89), A is the wavelength of 
CuK a radiation source, /3i,ki is full width at half maxima 
(FWHM) of the particular peak and 9 is the Bragg's an- 
gle. From the calculations, the average crystallite size 
of Csl thin films were obtained: 41 nm for 4 nm thin 
Csl film, 55 nm for 20 nm thin Csl film, 54.74 nm for 
100 nm and 500 nm thick Csl films respectively. The 
crystallite size obtained by us is in good agreement with 
the reported crystallite size of 45 nm for 100 nm Csl 



thin films by Nitti et al II 1711 using same thermal evapo- 
ration technique. Klimonsky et al Il9tl have also re- 
ported the crystallite size of about 45-50 nm for dif- 
ferent Csl samples prepared by spray pyrolysis tech- 
nique. However for same thickness (100 nm) of Csl 
thin film deposited by means of ion beam sputtering and 
ion beam assisted sputtering techniques, Nitti et al lfl7ll 
have reported the increased crystallite size of about 334 
and 288 nm respectively indicating that the intensity of 
the Bragg peaks are quite narrow and sharp in nature. 
Williamson-Hall approach 1I22I1 allows us to separate 
two different reasons for a xrd peak broadening: one 
is the peak broadening from the crystallite size which 
varies as 1/ cosf? (equation 1) and another is strain (e) 
induced peak broadening which is given by Wilson for- 
mula ( p hk i = 4etanf?) Q. Here XRD data profile 
can also be used to determine residual stress in the sam- 
ple. The apparent shift in diffraction peaks from their 
corresponding crystal data indicates a uniform stress 
originated in the film due to the thermal evaporation 
11261 12711 . A shift in the peak position of our Csl thin 
films of thickness from 4nm to 500 nm is also observed 
as shown in Fig. 3 for (110) plane, in comparison with 
the peaks observed in XRD scan of Csl crystals indicat- 
ing that films are in a stressed state. In our case, Csl 
(110) peak is shifted towards lower angle which indi- 
cates that a tensile stress is acting on the as-deposited 
Csl films as compared to the crystal data (29 = 27.592°) 
from ASTM card No. 060311 shown as a sharp line. 
Also one can see that Csl (110) peak for 4 nm to 500 
nm thick films are shifted from the lower angle as com- 
pared to raw Csl crystal as shown in Fig. 2 and Fig. 3. 
These stresses acting in the film arise due to the various 
methods of film preparation and can cause some effects 
on the properties of the materials. The so called internal 
stress in the prepared film is calculated after the strain 
in it is calculated using Williamson-Hall relation [22]: 



kA 

Phki cos 9 — — + 4e sin ( 



(2) 



Where e is strain, which is usually assumed to be 
proportional to the square root of the density of dislo- 
cations. A plot is drawn with the measured value of 
Phki cos 9 as a function of 4sint9 (see Fig. 4). One can 
achieve the strain from the slope of the fitted line and 
crystallite size (D) from its intersection with the y-axis. 
Equation (2) assumes that the strain is uniform in all 
crystallographic directions and known as uniform de- 
formation model UDM). In this model description, it is 
assumed that the properties of material are independent 
of the direction along which it is measured. The UDM 
prediction for 100 nm and 500 nm thick Csl films are 
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Table 1 : Geometric parameters of Csl thin films of different thickness 
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shown in Fig. 4(a) and Fig. 4(d). From the plot, it is 
clear that the strain as well as the estimated crystallite 
size obtained for 100 nm and 500 nm thickness are the 
same (see Table 1 for details). It indicates that by adding 
more Csl layer does not produce any additional strain as 
well as any enhancement in crystallite size for 500 nm 
compared to 100 nm film. However it is unrealistic for 
a crystalline material such as Csl in our case. In this 
case, to consider anisotropic approach is more realistic. 
Therefore Williamson-Hall equation is modified by an 
anisotropic strain e = cr/E^i, where E/,ki is the Young's 
modulus in direction hkl and cr is the stress. In this ap- 
proach, equation (2) is transformed into equation (3): 



kA Act sin 8 
Biii cos 6= — H 



(3) 



The reciprocal of Young's Modulus in the direction 
of the unit vector in the cubic system is 



1 

Ei,ki 



s\i - 2 in - Sn 



+ l 2 2 h 2 + h 2 h 2 ) 



; 2 ; 2 



(4) 



Where sn, 512 and S44 are the elastic compliances 
of Csl. Following relations provide the connection be- 
tween the elastic compliances and the stiffness 
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(7) 



are 
and 



where respective stiffness values 
2.434x10' 'rf/cm 2 , 0.636xl0"<//cm 2 
0.63 16x10' l d/cm 2 respectively J3. 

A plot is drawn with the measured value of [} cos 8 
as a function of 4sin8/ E/,ki as shown in Fig. 4(b) and 
Fig. 4(e) and uniform deformation stress cr was calcu- 
lated from the slope of the line. The anisotropic lat- 
tice strain can also be calculated if E^ki values for Csl 
films are known. Crystallite size can also be estimated 
from the intersection of y-axis as depicted in Table 1 for 
100 nm and 500 nm Csl films respectively by means of 
uniform deformation stress model (UDSM). However it 
may be more reasonable to expect the real parameter 
for the deformation to be the deformation energy den- 
sity (u). According to Hookes law, the deformed energy 
density u (deformed energy per unit volume) as a func- 
tion of strain is u = e^E^i/l. Assuming this deformation 
energy density (u), equation (3) can be further modified 
in to the form: 



KA ( 2u 

/3 hk ,cos6= — +4sin<9 — 



1/2 



(8) 



Uniform deformed energy density model (UDEDM) 
can be calculated from the slope of the line plotted be- 
tween Phki cos 8 and 4 sin 8(2 /£/,«) '^ as shown in Fig. 
4(c) and Fig. 4(f). The strain can also be calculated by 
knowing the Ehu values and shown in Table 1. Young's 
modulus (Ef,ki) has been calculated and comes out to be 
of about 17.2873 GPa for (110) lattice plane followed by 
E m = 21.7048 GPa for (200), E m = 17.2873 GPa for 
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Figure 4: Williamson-Hall plots of 500 nm and 100 nm Csl film assuming (a,d) uniform deformation model (b,e) uniform deformation stress model 
and (c,f) uniform deformation energy density model. 



(21 1), E m = 17.2873 GPa for (220) and E m = 17.2873 
GPa for (321) lattice plane. Table 1 summarizes the ge- 
ometrical parameter of Csl films of different thickness 
obtained from Debye-Scherrer's formula, various meth- 
ods of W-H analysis and TEM measurement. By com- 
paring the average value of crystallite size as well as the 
internal strain, stress obtained from the modified W-H 
analysis, it is evident that the different values are almost 
the same indicating the inclusion of strains in various 
form of W-H analysis has a very small impact on the 
average crystallite size of Csl films. However there is a 
very little variation between the crystallite size obtained 
from Debye-Scherrer's equation and the modified W-H 
analysis. This difference might be possible due to the 
difference in averaging the particle size distribution. 

Fig. 4 shows the comparison of these three equations 
(Equation 2, 3 and 8) for 100 nm and 500 nm thick Csl 
films respectively. The deviation of data points away 
from the linear fit is less in the case of equation (8). 
Therefore one may assume that the uniform deformed 
energy density is found to be more appropriate/better 
for Csl samples. 

To calculate the applied stress in a polycrystalline 
sample from XRD technique, it is necessary to con- 
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Figure 5: RMS lattice strain (erms ) estimated from interplanar spac- 
ing plotted against lattice strain (ehkl) from uniform deformation en- 
ergy density model (UDEDM) 



sider only those particle which are properly oriented 
to diffract the incident X-ray beam. As a result 
the X-ray elastic constants connecting the RMS strain 
(crms — V2/7T x (Ad/dgbs) j can be estimated and plot- 
ted against those estimated from the uniform deforma- 
tion energy density method em 12811 as shown in Fig. 
5. Here Ad is the difference between d b s (observed in- 
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terplanar spacing) and cIastm (single crystal interplanar 
spacing). In principle, if the strain estimated by means 
of the peak position as well as from the uniform defor- 
mation energy density method agrees, all the data points 
should lie on a straight line making an angle of 45° with 
the X-axis. This behaviour is more or less confirmed 
from the plot of RMS lattice strain (£rms) as a function 
of the estimated strain calculated from the interplanar 
spacing. Hence one may observe that RMS strain varies 
linearly. However it is necessary to point out that the 
rms strain (£rms) as we H as the strain from UDEDM 
(ehki) were estimated by completely different methods. 

3.2. Particle size and diffraction pattern from TEM 

TEM measurements are supposed to be a better tool 
for particle size determination due to the produced im- 
age of the sample. The result obtained from TEM anal- 
ysis as shown in Fig. 6 shows that in the case of the 4 
nm semi transparent Csl film, layer did not appear to be 
continuous exhibiting a surface coverage of 29% only. 
The average size estimated from TEM image is about 41 
nm. Selected area electron diffraction (SAED) pattern 
of Csl films as shown in Fig. 7 (a) clearly shows that 
4 nm Csl films are polycrystalline structure and do not 
have any impurities. This is in close agreement with the 
results obtained from XRD measurement (see Table 1) 
as well as the estimated value obtained from W-H anal- 
ysis. In case of 20 nm films, layers exhibit morphology 
of interconnected crystallites of discontinuous structure; 
the average size was about 116 nm. For thicker films of 
100 nm and 500 nm thickness layers exhibit quite uni- 
form with larger particles compared to thinner Csl films. 
In this thick Csl films of 100 nm and 500 nm, particle 
have a columnar shape with a hexagonal shape having 
average size of about 300 nm. One may observe from 
Fig. 6 that the particle size and density is dependent on 
the film thickness. For semi-transparent Csl films, den- 
sity of particle is very less and discontinuous in nature, 
However with increasing thicknesses, both particle size 
as well as the density is increased and film surface is 
fully covered. 

Fig. 7 shows selected area electron diffraction pat- 
terns of Csl thin film of various thicknesses i.e. (a) 
4 nm, (b) 20 nm, (c) 100 nm and (d) 500 nm. It has 
been observed that the SAED pattern obtained from Csl 
thin films of various thicknesses are crystalline in na- 
ture. The SAED pattern of 4 nm Csl thin film demon- 
strates that the film have randomly oriented particle. 
However SAED patterns obtained from 20 nm, 100 nm 
and 500 nm Csl thin films shows a discrete lattice of 
sharp spots which demonstrates that the film are of sin- 
gle crystal domain. The inter planar spacing and cor- 



responding (hkl) crystallographic planes obtained from 
Csl thin film corresponds to a body centered cubic (bcc) 
structure with lattice constant a = 4.666A. The exper- 
imental inter planar distances derived from the diffrac- 
tion pattern between (hkl) crystallographic planes found 
to have a good match which is given in ASTM card No. 
06031 1 with lattice constant a = 4.566A. 




(a) 4nm Csl (b) 20 nm Csl 




(c) 100 nm Csl (d) 500 nm Csl 



Figure 6: Transmission electron microscope (TEM) surface image of 
a) 4 nm, b) 20 nm, c) 100 nm and d) 500 nm as-deposited Csl thin 
films. 



By comparing the results obtained from XRD and 
TEM analysis, there is good correlation between TEM 
and XRD measurements for semi transparent Csl films. 
However for the sample with increasing thickness, there 
is an apparent discrepancy between the particle sizes 
obtained by these two different methods in which par- 
ticle size measured by TEM counting is higher than that 
from XRD analysis. When the thickness of film is in- 
creased from 20 nm to 500 nm, crystallite size obtained 
from XRD analysis remains constant however in case of 
TEM measurements, particle size increases sharply. It 
indicates that according to the results from XRD anal- 
ysis, particle growth settles to be saturated around 20 
nm and further adding more thickness does not boost 
the crystallite size. The results from TEM analysis con- 
tradicts it by revealing that the particle size of thicker 
films such as 100 nm and 500 nm is much higher than 
the value from XRD analysis (see Table 1). 
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(a) 4nm Csl (b) 20 nm Csl 




(c) 100 nm Csl (d) 500 nm Csl 



Figure 7: The electron diffraction pattern obtained from as-deposited 
Csl thin films of a) 4 nm, b) 20 nm, c) 100 nm and d) 500 nm thick- 
ness. 



4. Conclusion 

Thin and thick films of Csl were deposited by thermal 
evaporation technique and were characterized by XRD 
and TEM measurements in order to investigate the rela- 
tionship between the two methods on structural charac- 
terization. Based on the results achieved, some conclu- 
sions can be drawn as below: 

The displacement of (110) diffraction peaks towards 
the lower side from their corresponding crystal data in- 
dicates that tensile stress exists for all Csl samples. The 
line broadening of as-deposited Csl films due to small 
crystallite size was analysed by Debye-Scherrer's for- 
mula. A modified W-H method has been used to es- 
timate the crystallite size, and strain induced broaden- 
ing due to the lattice deformation with the amorphous 
nature. Estimated RMS strain are in agreement with 
the strain value calculated from difference in interplanar 
spacing. To the best of our knowledge, a detailed study 
using UDM, UDSM and UDEDM on the Csl films is 
not reported yet. We may suggest that these models can 
be precisely used for the estimation of the particle size 
of Csl films. In our case, all these models are found to 
be useful from the determination of crystal size. 

Both XRD and TEM measurements show that the 
particle size for 4 nm and 20 nm thin films Csl are com- 
parable. While for thicker films (100 nm and 500 nm), 



both XRD and TEM measurement provide different par- 
ticle sizes; TEM provides with higher values of parti- 
cle sizes in comparison with that of XRD analysis. It 
indicates that for the large grain sized materials, XRD 
analysis fails its usefulness for the particle size determi- 
nation. However the particle size calculated from XRD 
data are qualitatively close to the that of particle size 
estimated from the modified W-H method. 
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